Abstract
Measurements and main results
Angiotensin I (Ang-I or A(1-10)) levels were significantly higher in non-survivors at study entry and 72 hours. ARDS survival was associated with lower A(1-10) concentration (OR 0.36, 95% CI 0.18-0.72, p = 0.004) but higher A(1-9) concentration (OR 2.24, 95% CI 1.15-4.39, p = 0.018), a biologically active metabolite of A (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) and an agonist of angiotensin II receptor type 2. Survivors had significantly higher median A(1-9)/A(1-10) and A(1-7)/A(1-10) ratios than the non-survivors (p = 0.001). Increased A(1-9)/A(1-10) ratio suggests that angiotensin converting enzyme II (ACE2) activity is higher in patients who survived their ARDS insult while an increase in A(1-7)/A(1-10) ratio suggests that ACE activity is also higher in survivors. a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Introduction
Acute respiratory distress syndrome (ARDS) is characterized by disruption of the alveolar-capillary barrier leading to inflammation causing lung injury [1, 2] . Mortality rates range from 38.5-46.1 percent, with older age and disease severity being key risk factors for increased mortality [2, 3] . Given the high morbidity and mortality associated with ARDS, the development of biomarkers is important to identify patients at greatest risk for poor prognosis and outcome. Biomarkers such as plasma angiopoietin-2, Von-Willebrand factor, intracellular adhesion molecule 1 (ICAM-1), interleukin (IL-6), IL-8, protein C, and plasminogen activator inhibitor 1 (PAI-1) have been associated with clinically relevant outcomes [1] [2] [3] [4] [5] . However, these biomarkers may be limited by their specificity to particular disease conditions.
The renin-angiotensin system (RAS) peptides have been a topic of interest for the last two decades related to their key role in respiratory conditions [6] [7] [8] . In the classical RAS pathway, angiotensinogen, the precursor of angiotensin I {A(1-10)}, is synthesized in the liver and converted to A(1-10) by renin (Fig 1) . A(1-10) is further metabolized to angiotensin II {Ang II or A(1-8)}, a reaction mediated by angiotensin converting enzyme (ACE) which is found in lung endothelial cells. A (1) (2) (3) (4) (5) (6) (7) (8) is an important regulator of hemodynamics, but has also been linked to tissue regeneration, remodeling, inflammation, and fibrosis [9] . In mouse models of ARDS, A(1-8) binding to Ang II receptor type 1a (AT 1a ) leads to impaired lung function and fibrosis, while treatment with an angiotensin receptor blocker (ARB) attenuates both inflammation and fibrosis [10] . In a human study, elevated circulating A(1-8) concentrations in influenza A (H7N9) pneumonia were associated with higher mortality rates [7] .
In an alternative pathway, angiotensin converting enzyme II (ACE2) converts A(1-8) to angiotensin (1-7) {A(1-7)}, and A(1-10) is metabolized to angiotensin (1-9) {A(1-9)}, which is a ligand for Angiotensin II receptor type 2 (AT 2 ) [11] . ACE2 is a cell membrane-associated enzyme expressed on lung endothelial and epithelial cells found in the heart and kidneys. Loss of ACE2 enzymatic activity leads to severe inflammation, impaired cardiac activity and renal injury [12] . Several studies showed that ACE2 deficiency led to A(1-8) accumulation while reducing A(1-7) production. A(1-7) promotes wound healing, regenerates tissues, and reduces reactive oxygen species (ROS) by binding to its cognate receptor, Mas [13] . In mouse models of ARDS, intravenous infusion of recombinant A(1-7) has been shown to attenuate the inflammatory response [8] . Similar to A(1-7), A(1-9) also has regenerative and antiinflammatory properties through its binding to AT 2 [14, 15] . A(1-10) is also a substrate of neprilysin (NEP) to form A(1-7). Thus, the balance among RAS peptide levels may be an important factor in determining outcomes following acute lung injury.
We have developed a quantitative metabolomics approach that allows us to specifically determine circulating levels of RAS peptides. The goal of this study was to apply this to determine whether changes in specific RAS peptides correlated with survival and whether these peptides and ratios between them could serve as biomarkers in predicting outcomes in patients with ARDS.
Methods
The protocol was approved by the University of Southern California Institutional Review Board to evaluate RAS peptides in patients with a diagnosis of ARDS (HSC-16-00). The Berlin definition of ARDS was used [16] . After the patient or their designee had signed an informed consent, the patient's history, demographic and clinical information were recorded and blood samples were collected. Data collected included PaO 2 /FiO 2 (P/F) ratios, sequential organ failure assessment (SOFA) score, length of hospital stay, body mass index (BMI), and serum creatinine and plasma lactate concentrations from days 1 through 4 following intensive care unit (ICU) admission. In addition, blood samples were collected at study entry and 24, 48 and 72 hours thereafter to measure RAS peptides.
Inclusion criteria
Patients' aged 18-90 years who met ARDS criteria were enrolled into the study within 24 hours of diagnosis. Patients with ARDS caused by both pulmonary and extra-pulmonary causes such as pancreatitis and non-pulmonary sepsis were included.
Exclusion criteria
Pregnant patients of any age were excluded because possible effects of pregnancy on RAS peptides are unknown.
Blood sample collection
About 1 mL of blood was collected with 10 μl of protease inhibitor cocktail comprised of 450 mg 1,10 phenanthroline, 15 mg pepstatin A, 37.5 mg enalapril maleate, 700 mg disodium ethylenediaminetetraacetate dihydrate, 17.4 mg phenylmethane sulfonyl fluoride and 1 mL of deionized water. Following collection, samples were gently placed on ice and centrifuged at 1000 rpm at 4˚C for 15 minutes. The clarified plasma samples were transferred into cryovials and frozen at -80˚C until analysis. 
Metabolomics assay
A validated method to quantify RAS peptides [A(1-12), A(1-10), A(1-9), A(1-8), A(1-7), A (2-8), A (3) (4) (5) (6) (7) (8) , and A(1-5)] in plasma samples was used. In brief, 40 μL of 1000 ng/mL NorLeu 3 -A(1-7) was added as the internal standard into 150 μL of plasma sample. Samples were then alkalinized by adding 700 μL 5% ammonium hydroxide solution and layered onto preconditioned solid phase extraction cartridges (Oasis 1cc MAX P/No. 186001883, Waters, MA, USA). The analytes were washed with water and methanol, and eluted using 1 mL methanol with 2% formic acid. The eluted samples were evaporated to dryness under a filtered steady stream of nitrogen gas. The residue was reconstituted using 50 μL of 0.2% formic acid and 45 μL of the reconstituted material was injected into a Shimadzu LC-20AD high pressure liquid chromatograph (HPLC) (Shimadzu, Japan) linked to an API 4000 mass spectrometer (AB Sciex, MA, USA) operating in the positive mode.
RAS peptide analytes were separated using a Hypersil Gold C18 column (P/No. 25005-052130, Thermo Scientific, USA) with 5 μm particle size and dimensions of 50 x 2.1 mm. Component A consisted of water with 0.5% formic acid, while component B was acetonitrile with 0.5% formic acid. A gradient program was used, where the concentration of component B was kept at 5% for 0.5 min initially and increased to 70% over 4.5 min. Component B was further increased to 90% over 2 min, and held at 90% for an additional 2 min and then returned to 5% for 2 min. The level of each analyte was determined using their unique multiple reaction-monitoring (MRM) transitions.
Statistical analysis
Statistical analysis was performed using SAS 9.4 (SAS Institute, Cary NC). When appropriate, either Mann-Whitney rank sum test or Chi-square test was used. Baseline RAS peptides were compared between survivors and non-survivors. Plasma RAS levels were transformed to natural logarithms prior to regression analysis to render the data more normally distributed by visual inspection and Q-Q plots against a normal distribution. We then tested the association between ARDS survival as an outcome, and continuous and dichotomous variables (including RAS peptides), as predictors using binary logistic regression models [17] . Regression diagnostics were evaluated to ascertain the fit of the prediction model. Statistical significance was defined as p < 0.05. Serum creatinine was used to estimate glomerular filtration rate (eGFR) using the Modification of Diet in Renal Disease (MDRD) equations. Patients were grouped as either kidney failure or no kidney failure groups using a cut-off eGFR of <30 mL/min/1.73m 2 . Baseline RAS peptides were compared between the no renal failure and the renal failure groups.
Results

Demographics
This was a non-interventional observational study involving 39 patients that were consecutively enrolled over 20 months. Patient characteristics at study entry are summarized in Table 1 . At follow up on 30 days after initial admission, there were 20 survivors (51%) and 19 non-survivors (49%). These results were consistent with clinical outcomes observed in other ARDS studies [2, 3] . Amongst the 20 survivors, 16 patients were discharged to home or to a rehabilitation facility. The four remaining patients survived their initial ICU admission, then developed another bout of pneumonia and succumbed to their illness. No follow-up RAS peptides were measured in these patients. At study entry, most enrolled patients had either moderate or severe ARDS as determined by P/F ratios (Table 1) . Survivors had statistically lower serum lactate and SOFA scores when compared to those who succumbed to ARDS (P<0.05) at study entry, 24 and 48 hours. In addition, survivors were less likely to need vasopressor support to maintain blood pressure. There were no differences amongst P/F ratios, serum albumin or acute kidney injury between the two groups. The length of hospital stay was significantly longer in the survivor group compared to the non-survivor group (34 vs 10 days, p = 0.004).
Levels of RAS peptides
Plasma samples were collected at study entry and every 24 hours for a total of four blood collections. Circulating concentrations of RAS peptides at study entry are summarized in Table 2 and Table 3 . A(1-10) levels were significantly higher in the non-surviving group at study entry and at 24, 48 and 72 hours (p<0.05). No significant differences in A(1-9), A(1-8) and A (1-7) were noted between the two groups at any of the time points of blood sampling. In addition, there were no differences in levels of A(1-12), a surrogate marker of angiotensinogen, between Values are reported as median values with interquartile ranges. Variables with statistically significant differences between survivor and non-survivor groups include gender, serum lactate, and SOFA score at study entry.
� P values were determined using Mann Whitney U test for continuous variables and chi-square test for dichotomous variables.
�� Extra-pulmonary ARDS is defined as ARDS due to sepsis from a non-pulmonary source such from a urinary source or pancreatitis.
https://doi.org/10.1371/journal.pone.0213096.t001 the two groups. This suggests that higher levels of A(1-10) amongst non-survivors was likely due to decreased conversion of A(1-10) to further downstream products or increased biosynthesis. Increase synthesis is unlikely since A(1-12), a precursor for A(1-10) concentration was no different between the two outcomes. When circulating concentrations of RAS peptides were compared based on kidney function, a significantly lower A(1-5) and A(1-7)/A(1-5) ratios were observed in patients with renal failure (p = 0.003 and p = 0.003 respectively, Table 4 ).
RAS peptide ratios (product/reactant)
A surrogate for ACE and ACE2 enzymatic activity can be computed using peptide ratios of product over reactant, thus providing an indirect measure of ACE and ACE2 enzymatic activities between survivors and non-survivors. As shown in Table 5 , higher peptide ratios of A(1-9)/A(1-10) and A(1-8)/A(1-10) were also detected amongst survivors when compared to non-survivors (p<0.001). Although non-significant, we also found higher peptide ratios of A (1-7)/A(1-9) and A(1-7)/A(1-8) in survivors when compared to non-survivors, thus suggesting higher ACE and ACE2 enzymatic activity for survivors. These ratios may not have reached significance due to small sample size and high patient to patient variability. Lastly, we found higher ratios of A(1-7)/A(1-10) in the survivor group, suggesting a possibility of higher NEP activity amongst survivors. When renal function was used as a co-variate, a significantly higher A(1-10)/A(1-9) ratio (a marker for ACE2 activity) in the group with normal renal function as compared to patients with renal failure (p = 0.023, Table 4 ).
Association of peptide levels with clinical outcomes
No association was seen between plasma concentrations of A(1-12), A(1-10), A(1-9), A(1-8) and A(1-7) and P/F ratios at all blood collection time points from study entry to 72 hours. However, there was a significant association between A(1-7)/A(1-10) ratio and P/F ratio (p = 0.001). A significant association was also observed between survival, as an outcome and levels of A(1-9) and A(1-10), as independent variables. At study entry, the odds of surviving ARDS increased three fold when plasma A(1-9) concentration doubled (OR 2.24, CI 1.15-4.39, p = 0.018). In contrast, the odds of surviving decreased two-fold when plasma A(1-10) concentration was doubled (OR 0.36, CI 0.18-0.72, p = 0.004). Using these levels of A(1-10) and A(1-9) at study entry in a binary logistic regression model, we are able to predict ARDS survival with 79.5% accuracy (Table 6 ). This model was reproducible when 70% of the random sample was used as a training dataset and the remaining 30% as a validation data set.
Discussion
In this cohort, 19/39 (48.7%) ARDS patients succumbed to their disease similar to other published reports [2, 3] . In univariate analysis, a greater mortality risk was associated with higher SOFA scores, plasma lactate levels and elevated A(1-10) levels at study entry. However, in multivariate analysis, A(1-10) and A(1-9) levels at study entry showed an association with mortality. Specifically, higher A(1-10) levels were associated with increased mortality while higher A(1-9) levels were associated with decreased mortality. Also, higher A(1-9)/A(1-10) and A(1-7)/A(1-10) ratios were observed in the surviving group. A binary regression model using levels of A(1-10) and A(1-9) at study entry could accurately predict outcomes in ARDS with 79.5% confidence. To date, no study has used the metabolomics approach to determine circulating levels of RAS peptides as predictors of survival outcomes in ARDS. Using this approach, we found that plasma A(1-10) levels were predictive for clinical outcome at study entry. Although a https://doi.org/10.1371/journal.pone.0213096.t005 Table 6 . Multivariate logistic regression model for association with ARDS survival using A(1-9) and A(1-10) in their natural logarithm transformed forms as variables. statistically significant difference was also achieved at 72 hours, we avoided possible bias arising from deaths in one of the groups by focusing on the predictive capacity using RAS peptides at study entry. No statistically significant differences were found in plasma levels of A(1-8) and A(1-7) between the two groups at any time point. However, upon analyzing peptide ratios (product/reactant), there were suggested differences in the two groups' comparative ability to form the active RAS metabolites.
To determine whether higher levels of A(1-10) amongst non-survivors is a consequence of increased biosynthesis or reduced metabolism, we examined levels of both precursor peptides and downstream metabolic peptides. A(1-12) was used as a surrogate marker for angiotensinogen. There was no difference in A(1-12) between the two outcomes group, suggesting that higher levels of A(1-10) in the non-survivor group were not likely due to its increased synthesis. Furthermore, levels of downstream products such as A(1-9), A(1-8) and A(1-7) were lower in the non-survivor group, but not statistically different. Despite the lack of statistical significance, survivors had approximately three times higher median plasma A(1-7) levels suggesting the metabolism to form bioactive peptides may be impeded. Taken together, these findings suggest that non-survivors have reduced metabolism of A(1-10) which could be due to reduction in ACE and/or ACE2 enzymatic activities as a consequence of more severe lung endothelial and epithelial injuries in the non-survivor group.
Cell-associated ACE has significantly higher catalytic activity as compared to circulating ACE [18] . Patients with severe ARDS may sustain more lung injury to the endothelium and epithelium thus reducing the levels of cell-associated enzymes which corresponded with increased SOFA scores and lactate serum levels. Other evidence supporting decreased enzymatic activity in the non-survivor group may be inferred by comparing peptide ratios (product/reactant) between the two groups. Survivors had higher levels of downstream products as suggested by higher peptide ratios of A(1-10)/A(1-12), A(1-8)/A(1-10), A(1-7)/A(1-9) and A(1-7)/A(1-8). The small sample size may account for why median levels of some peptide ratios such as A(1-7)/A(1-9) and A(1-7)/A(1-8) were not significantly different between survival and non-survival groups. Reduction in ACE and ACE2 enzymatic activity may ultimately lead to accumulation of A(1-10) in patients who succumb to ARDS. Therefore, elevated levels of A(1-10) at study initiation may serve as a useful marker to predict non-survival amongst ARDS patients.
Although non-significant, survivors had higher plasma concentrations of A(1-7) and A(1-9) during the study period that may have driven better tissue regeneration. The importance of the A(1-7)/ACE2 axis has been shown in animal models of lung injury [8, 14] . In these studies, administration of exogenous A(1-7) or ACE2 in ARDS mouse models attenuated the inflammatory response, decreased lung injury and improved oxygenation. ACE2 can also promote the formation of A(1-9) where its binding to AT 2 can promote tissue regeneration. A role for A(1-9) in attenuating cardiac fibrosis in rats by binding to the AT 2 receptor was previously shown [18, 19] . AT 2 is a fetal receptor expressed in response to wound injury, suggesting a role in tissue repair and regeneration. Not only is A(1-9) an active peptide metabolite that can activate AT 2 , it can be further metabolized to A(1-7) via ACE-mediated metabolism. We speculate that one reason non-survivors had declining P/F ratios over the study period and in turn a higher mortality is due to loss of the protective mechanism afforded by ACE2. Reduced ACE2 activities may cause a decrease in A(1-9) and A(1-7) production, which can activate AT 2 and Mas, respectively. In this study, there were no significant differences in A(1-7) or A(1-9) (Table 2 ) between the groups. However elevated levels of A(1-10) suggest that there is a need for additional pro-resolving RAS peptides in response to wound healing. A larger study is needed to confirm clinical significance.
We also evaluated whether other factors influenced the levels of RAS peptides. The influence of BMI on outcomes in ARDS is unclear. While some studies show decreased mortality associated with higher BMI, other studies have shown that obesity has no effect [20, 21] . A more recent meta-analysis showed that obesity confers a protective effect and thus a decrease in mortality [22] . In the current study, we did not detect any relationship between obesity and increased mortality. Of note, obesity can result in higher levels of circulating angiotensin levels, but BMI was not statistically different between the survivor and non-survivor groups.
This study also evaluated renal function in relation to mortality. Since kidneys are an important metabolic site of production of RAS precursors and plasma ACE2 activity is reduced in patients with chronic kidney disease [23] , we evaluated the impact of renal dysfunction in relation to increase mortality risk. Although we did not observe an association between renal failure status and ARDS survival, there was a significantly higher A(1-10)/A(1-9) ratio (a marker for ACE2 activity) in the group with normal renal function. Reduction in ACE2 may lead to a multitude of effects including impaired lung and kidney repair due to an inability to transform A(1-8) (a pro-inflammatory factor) to A(1-7) (an anti-inflammatory factor). However, studies have shown that circulating levels of ACE2 are very low and some of the effects of ACE2 are local [24] . Therefore, renal injury and loss of ACE2 would likely only limit kidney repair and not affect lung repair.
There are limitations to this study which include the small sample size (n = 39). Nevertheless, this study highlights an association of the RAS pathway in relation to the pathogenesis of ARDS. The levels of RAS peptides, in particular accumulation of A(1-10), suggest that enzymes such as ACE and ACE2 which are required to form active RAS peptides such as A(1-9), A(1-8) and A(1-7) may not be available. This may be a consequence of lung injury where lung parenchymal cell injury and death release ACE and ACE2, significantly lowering enzymatic activity(ies). This may explain the accumulation of A(1-10) at study entry, and serve as a useful predictive marker for disease severity. It would have been ideal to quantify the enzymatic activites to clearly dissect the mechanism(s) leading to clinical outcomes and probe Ang-(1-10) variations in synthesis. However, the presence of protease inhibitors in the blood samples as a requirement for metabolite analysis did not permit us to do such quantification. Larger studies are needed to establish a causative role for the RAS pathway in ARDS, including evaluation of the overall enzymatic activity of ACE and ACE2 in ARDS.
Conclusion
A(1-10) accumulation and reduced A(1-9) concentration in the non-survivor group suggest that ACE2 activities may be reduced in patients succumbing to ARDS. Plasma levels of both A (1-10) and A(1-9) and their ratio may serve as useful biomarkers for prognosis in ARDS patients.
